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Abstract :
We study the mean dynamics of a radially confined, uniformly rotating flow of high Reynolds number. The duct
geometry consists of a portion of constant cross-section followed by a final contraction, downstream of which the
flow exhausts as a swirling jet. The duct flow is investigated by Stereoscopic PIV. To understand the specific effect
of the contraction, we also consider the case where it is replaced by a straight duct portion. These experimental
results are compared with a simulation of axisymmetric steady flow at a moderate Reynolds number. Good agree-
ment is obtained between the two methods. Both show that the flow is strongly influenced by the contraction when
it is subcritical with respect to axisymmetric Kelvin waves. In that regime, no vortex breakdown is found inside the
duct. Instead, large-amplitude standing waves of positive azimuthal vorticity are observed.
Résumé :
Nous étudions la dynamique moyenne d’un écoulement en rotation solide, confiné radialement, de grand nombre
de Reynolds. Celui-ci se développe dans une conduite de section constante puis convergente, et débouche en un jet.
L’écoulement de conduite est exploré par PIV stéréoscopique. Afin de comprendre l’effet spécifique de la conver-
gence finale, nous considérons également le cas où celle-ci est remplacée par une conduite de section constante.
Nous comparons ces résultats à une simulation d’écoulement axisymétrique stationnaire, de nombre de Reynolds
modéré. Les deux approches sont en bon accord, et montrent que l’écoulement est fortement influencé par la
convergence lorsqu’il est sous-critique vis-à-vis des ondes de Kelvin axisymétriques. Dans ce régime, on n’observe
pas d’éclatement tourbillonnaire dans la conduite, mais des ondes stationnaires de vorticité azimutale positive de
grande amplitude.
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1 Introduction
Confined swirling flows are known to be very sensitive to boundary conditions, especially when
their rotating motion is intense, or when they undergo vortex breakdown (see for instance Es-
cudier (1987) or Lucca-Negro et al. (2001)). In particular, a contracting duct geometry may
lead to strong modifications on the flow pattern that is usually observed in straight ducts, see Es-
cudier et al. (1980), Escudier et al. (1985), and Mattner et al. (2002) for a review of other
contributions. However, while various situations of practical significance may involve such flow
configurations, to our knowledge a general picture of the influence of a downstream contraction
on a rotating flow is still lacking.
To further investigate this question, we study in this paper the dynamics of a high Reynolds
number flow in a cylindrical pipe of constant cross-section followed by a contraction. Our flow
has a nearly uniform axial velocity and rotates as a rigid body outside from the boundary layers.
Though turbulence and unsteadinesses are present in certain regimes, we focus in this paper
on the mean velocity field. We investigate the flow by Stereo-PIV, and compare the results
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with a numerical simulation of steady axisymmetric flow at a lower Reynolds number, but large
enough for viscous effects to be weak. This simulation is aimed at capturing the part of flow
dynamics that is controlled by inviscid and axisymmetric effects, and that we expect to be of
primary importance, as is the case for instance with vortex breakdown (see for instance Wang
et al. (1997)).
The paper is organised as follows. Paragraph 2 is devoted to the description of the ex-
perimental and numerical techniques. Corresponding results are presented and compared in
paragraph 3, and their extent is finally discussed in paragraph 4.
2 Methods
2.1 Experimental setup
Our wind-tunnel involves a centrifugal fan that generates an axial flow in a cylindrical duct of
radius R0. This radius is taken as the reference length in our study. We use a cylindrical co-
ordinate basis (r, θ, z) throughout, and denote the corresponding mean velocity components as
(U, V,W ). As sketched on figure 1, rotation is imparted to that axial flow by means of a rotating
duct portion equipped with a fine-celled honeycomb. For moderate values of the honeycomb
angular velocity Ω0, the flow has a uniform axial velocity and rotates as a rigid body except in
the boundary layers (see paragraph 3.2 for more details). It develops in a duct of constant cross-
section, whose downstream part is transparent in order to allow Stereo-PIV measurements in a
longitudinal plane. The measurement zone is represented by a shaded rectangle on figure 1. It
is then accelerated by a converging duct and finally exhausts as a swirling jet.
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Figure 1: Schematic description of the wind-tunnel used for the experiments. The flow zone investigated
by S-PIV is shaded. Lengths are nondimensionalised using the upstream duct radius R0. W denotes the
mean axial velocity built from the volume flow rate.
The contraction ratio of the final duct portion is defined as χCV = (R0/R1)2, where R1
stands for its downstream radius. We consider four different duct geometries, χCV = 1 (i.e. a
final duct of constant cross-section), 4, 9 and 18.4. The case χCV = 1 is included in this study
in order to gain insight into the specific role of the contraction. The second variable control
parameter is the swirl number S of the flow exiting from the honeycomb,
S =
R0Ω0
W
, (1)
where W denotes the mean axial velocity built from the volume flow rate. For each of the duct
geometries, S is varied from 0 to about 3.4 by first setting the plug axial velocity of the flow
when Ω0 = 0, and subsequently increasing Ω0 by small steps. At each step, 800 images are
recorded at a frequency fa = 4 Hz.
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The Reynolds number of the flow is defined by Re = 2R0W/ν. It is comprised between
55100 and 58100 for χCV = 4, 9 and 18.4, and between 50500 and 56700 for χCV = 1.
2.2 Finite-element simulation
To characterise the global flow dynamics, we consider a model of axisymmetric viscous flow
of moderate Reynolds number. We simulate the flow comprised between the exit plane of the
honeycomb and the contraction outlet in the case χCV = 4, using a finite-element method.
The inflow is chosen as a plug axial flow of velocity W0 with solid-body rotation of angular
velocity Ω0, and a vanishing radial velocity. Upon using W0 as the reference velocity, it is
equivalently identified by its swirl number S0 = R0Ω0/W0. The Reynolds number is here
taken as Re0 = 2R0W0/ν = 1000. In this simulation, the boundary layer forms naturally
from the upstream end due to a no-slip condition at the wall, and Dirichlet conditions derived
from symmetry considerations are enforced on the axis. At the outlet, the duct is extended by
a fictitious domain of constant cross-section in order to achieve parallel flow at the contraction
exit plane.
We use a continuation technique with Newton iterations, as described for instance in Beran
et al. (1992). With this method, we obtain steady flow solutions for increasing values of S0, to-
gether with their linear stability properties. For more information on this numerical simulation,
the reader is referred to Leclaire (2006).
3 Results
3.1 Flow regimes
The experimental flow is found locally supercritical with respect to axisymmetric Kelvin waves
for S < 2, and subcritical for S > 2. As shown for instance by Benjamin (1962), a critical
value of the swirl number SB exists for any rotating flow invariant in the axial direction. For
S < SB, disturbances occurring in the flow are only convected downstream by the axisymmetric
Kelvin waves (supercritical flows), whereas for S > SB, disturbances may propagate both
upstream and downstream (subcritical flows). Equivalently, in a steady framework, subcritical
(resp. supercritical) flows may be distinguished by their ability (resp. inability) to sustain
infinitesimal standing axisymmetric Kelvin waves. For plug axial flow with solid-body rotation,
SB = j1,1/2 ≈ 1.916, where j1,1 denotes the first non-trivial root of Bessel function of order 1
of the first kind.
The PIV measurements also show the appearance of large-amplitude unsteadinesses, in par-
ticular helical ones, for S ≥ 2.24 (χCV = 1) and S ≥ 3.1 (χCV > 1). The simulated flows are
found linearly stable for S0 < 3.02, and become unstable via a Hopf bifurcation at S0 = 3.02.
For more details on these questions, the reader is again referred to Leclaire (2006).
3.2 Parametric study with S (S0)
Figure 2 shows the mean axial velocity W on the duct axis at z = 4.70, as a function of S (resp.
S0). As expected, good agreement is observed between experiment and simulation.
In the supercritical regime (S < 2), W (r = 0) increases progressively with S for all val-
ues of χCV : the axial flow profile progressively departs from uniform advection, in favor of
a parabolic profile with an acceleration on the axis. The explanation for this behaviour is not
clear yet. It may be partly due to the generating system, and to the progressive thickening of the
boundary layer in the axial direction, that could induce stretching and tilting of the vorticity via
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Figure 2: Comparison between experiment (Re ≈ 56000) and simulation (Re0 = 1000). Mean axial
velocity W at r = 0, z = 4.70, nondimensionalised by W (W0), vs. swirl parameter S (S0). Results for
χCV = 9 are very close to χCV = 4 and 18.4, and are omitted for clarity. The dashed horizontal line
separates flows with a velocity defect on the axis (below) from flows with an acceleration on the axis
(above).
a contraction effect (see Batchelor (1967) for details on this mechanism). As seen on figure 2,
this increase is quasi-identical for all values of χCV . Only a slight departure from this behaviour
is observed in the case χCV = 1 for 1.6 < S < 2, due to the occurrence of vortex breakdown in
the exit plane of the jet.
In the subcritical regime (S > 2), flows corresponding to χCV = 4, 9 and 18.4 are charac-
terised by an identical behaviour. In this regime, it is the mere presence of a contraction that
seems to have a primary influence on the flow, since large differences are observed between the
flows with contraction (χCV > 1) and without contraction (χCV = 1).
When χCV = 1, for some values of S the axial velocity profile is not characterised by an
acceleration on the axis any more, but instead by a slight velocity defect, as is shown on the left
part of figure 3. The subcritical nature of the flow and the presence of helical disturbances are
additional arguments in favor of the presence of vortex breakdown upstream of the PIV zone
for these values of S (see for instance the review of Leibovich (1984)).
When χCV > 1, only accelerations are observed on the axis, which are more pronounced
than in the supercritical regime (see the right part of figure 3). Moreover, no significant heli-
cal disturbances are measured in the flow for S < 3.1, so that there is no evidence of vortex
breakdown inside the duct. No breakdown is observed either in the simulations for the whole
range of S0, and all steady solutions belong to a single branch of solutions with no fold. The
flow behaviour is dominated by large-amplitude standing axisymmetric Kelvin waves of posi-
tive azimuthal vorticity in the constant cross-section duct. This point is especially obvious on
figure 4, which represents the axial velocity W on the duct axis for different values of S0. In
the supercritical regime (S0 = 1.60), W increases gently with z in the constant cross-section
duct due to boundary layer thickening, and then sharply inside the contraction due to mass con-
servation. Note that when S0 increases, W (r = 0) also increases in the duct exit plane, as a
result of the tilting and stretching of vorticity by the contraction (see Batchelor (1967)). When
the inflow becomes mildly subcritical (S0 = 2.00 > SB ≈ 1.916), a disturbance of large axial
4
18 ème Congrès Français de Mécanique Grenoble, 27-31 août 2007
U, V, W
r
0 1 2 3 4
0
0.2
0.4
0.6
0.8
1
W
V
U
χCV=1, S=2.24
U, V, W
r
0 1 2 3 4
0
0.2
0.4
0.6
0.8
1
W
V
U
χCV=4, S=2.78
Figure 3: Mean velocity profiles obtained by PIV, taken at z = 4.70. χCV = 1, S = 2.24 (left) and
χCV = 4, S = 2.78 (right). The lower zone of the boundary layer (0.95 ≤ r ≤ 1) was excluded due to
a reflection of the laser sheet.
extent appears in the straight duct. As S0 further increases, standing waves form inside the duct,
and their wavelength λnum decreases with S0. We find that sufficiently far from the transcritical
regime, λnum is in very good agreement with the theoretical value λ// = 2pi(S20 − j21,1)−1/2
pertaining to standing waves on a parallel flow of swirl S0 similar to the inflow condition of the
simulation.
4 Discussion
Consistently with former studies on the subject (see the introduction for references), we have
observed that a final contraction strongly influences the rotating flow upstream of it in the sub-
critical regime. However, whereas the flow behaviour suggests the presence of vortex break-
down upstream from the PIV measurement zone when χCV = 1, no such signs have been
detected in the experiments for χCV > 1, and no breakdown has been found in the simula-
tion. Besides, the flows have shown no dependence on the value of the contraction ratios used
in this study as soon as they were larger than one. This result differs from the observations
of Escudier et al. (1980) and Escudier et al. (1985). In these studies, the contraction lead to
different forms of vortex breakdown for weakly contracting ducts, and to its suppression for
strongly contracting ducts. Moreover, even at the higher swirl numbers, we have not observed
any axial flow with an annular recirculation zone (“type III flow”, see Mattner et al. (2002)
and references therein). Instead, large-amplitude standing waves of positive azimuthal vorticity
have been measured in the constant cross-section duct, whose wavelength is in good agreement
with the value predicted by the inviscid theory.
We think that the discrepancies between our results and the existing studies may be ex-
plained by the specific flow profile we considered. Indeed, flow configurations investigated by
past researchers are characterised by a thin rotational core embedded in a peripheral irrotational
zone. In such setups, confinements effects can be considered negligible, which is no longer true
in our case. The effect of radial confinement and of downstream boundary conditions on more
general flow profiles than the present one will be investigated in future studies.
5
18 ème Congrès Français de Mécanique Grenoble, 27-31 août 2007
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 2.60
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 3.00
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 3.40
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 1.60
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 2.00
z
W
0 2 4 6 8
1
2
3
4
5
6
7
8
S0 = 2.20
Figure 4: Axial velocity W on the duct axis for different values of S0 (numerical simulation, χCV = 4).
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